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Abstract

:

Between December 2020 and February 2022, the South East Crater of Etna has been the source of numerous eruptions, mostly characterized by the emission of lava fountains, pyroclastic material and short-lasting lava flows. Here we estimate the volume and distribution of the lava deposits by elaborating multi-source satellite imagery. SEVIRI data have been elaborated using CL-HOTSAT to estimate the lava volume emitted during each event and calculate the cumulative volume; Pléiades and WorldView-1 data have been used to derive Digital Surface Models, whose differences provide thickness distributions and hence volumes of the volcanic deposits. We find a good agreement, with the total average lava volume obtained by SEVIRI reaching 73.2 × 106 m3 and the one from optical data amounting to 67.7 × 106 m3. This proves the robustness of both techniques and the accuracy of the volume estimates, which provide important information on the lava flooding history and evolution of the volcano.
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1. Introduction


In the last decade, Mt Etna (Italy) showed intense volcanic activity at the four summit craters, Voragine (VOR), Bocca Nuova (BN), North East Crater (NEC) and South East Crater (SEC). Periods of long-lasting and low energy Strombolian activity, usually accompanied by emission of lava flows at low output rates from vents located at base of summit craters [1,2,3,4], have been alternated by sequences of short-lasting paroxysmal events, as observed during the 2011–2013 years at SEC [5,6,7] and during 2015–2016 at VOR [8,9,10]. The summit activity was temporarily interrupted only by the 2018 eruption [11,12].



The resumed weak Strombolian activity persisted for almost two years and, again, shifted toward more energetic manifestations, with a new sequence of paroxysmal eruptions starting in December 2020 [3,13,14,15]. From December 2020 to February 2022, more than 60 episodes of ash-rich lava fountaining have taken place at the South East Crater (SEC) with the formation of sustained eruptive columns several kilometers high (up to 11 km a.s.l.) [3,13,14,16], combined with rheomorphic lava flows emplaced for distances of some kilometers from the same crater during each event. This new paroxysmal sequence showed an extraordinary regular periodicity of occurrence in February-April 2021, with one event every 30–50 h. Then, in the second phase between May and July 2021, the time gap between two events was even shorter (10–15 h).



Paroxysmal eruptions are among the most hazardous volcanic phenomena at the summit of Mt Etna, due to the markedly higher output rates of both tephra and lavas emitted in a short time, compared to the lower energetic events of lava flow output. Moreover, the fast growing of the SEC caused by the accumulation of proximal pyroclastic deposits poses the potential of hazard of crater’s sector collapse, which in turn may generate pyroclastic avalanches as recently observed [17,18,19,20]. The main hazard posed by paroxysmal summit eruptions comes from powerful tephra ejection and consequent hot avalanches emplacement, which provide an unpredictable threat to visitors, estimated to be around one million per year. In addition, fine ash in the atmosphere can be extremely dangerous for air traffic, causing severe damage to aircraft jet engines [21]. Once the ash falls on the ground, it causes damage to agriculture, viability, roof stability and human health [22,23]. Conversely, lava flows from summit craters may primarily cause damages to the touristic infrastructures located above 1800 m of elevation [24].



Estimating the distribution and volume of volcanic products emitted during a paroxysm is important to improve knowledge about magma supply, storage, and transport, as well as to derive input data, and calibrate and validate numerical models for hazard assessment [25]. In addition, keeping track of the erupted volume over time allows for the estimation of the state of the volcano and the volume of lava that could be erupted in the future [26,27]. In order to quantify volcanic products and map morphological variations, different techniques have been developed that use various source data acquisition methods, including LIDAR, laser scanner, photogrammetry from ground, airborne and unmanned aerial vehicles (UAVs, see, e.g., [28,29]). However, these techniques are often impractical both in remotely-located volcanoes, and at the summit area of active volcanoes that is often extremely windy and subject to high-risk phenomena. Another issue is the need for frequent updates in vast areas that make the use of these techniques very difficult and expensive.



The technological advancements and increasing availability of high-resolution satellite imagery have recently offered the potential for more frequent and accurate estimates. In particular, infrared remote sensing data have been proven to be an effective means to derive the lava volume in near real time [30,31,32,33]. At the Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Catania, the CL-HOTSAT thermal monitoring system has been designed and implemented in OpenCL standard for parallel computing for the near-real-time monitoring of high-temperature volcanic features using multispectral infrared observations carried out by different satellite sensors (e.g., MODIS, SEVIRI, VIIRS, SLSTR) [34,35]. In case of eruptions, CL-HOTSAT provides radiant heat flux curves and effusion rate estimates computing the lava discharge rate from the heat radiated per unit time by the surface of active lava flows. Erupted lava flow volumes can be estimated by integrating the satellite-derived effusion rates in case of effusive eruptions [30,32,36], or by modelling the cooling phase of radiant heat flux curves for short lived eruptions, such as lava fountains [37,38,39].



Another ever-growing means for space-based measurements of volcanic deposits is the exploitation of very high-resolution optical satellite images acquired in stereo or tri-stereo. By processing these satellite data and applying photogrammetry techniques, the three-dimensional model of any target area on the Earth’s surface can be reconstructed [40]. Recently developed satellite sensors (e.g., Pleiades, WorldView, Skysat) are able to acquire images at sub-metric spatial resolution and the processing of such images produces one-meter digital surface models (DSM). Depending on the acquisition geometry, different levels of accuracy can be reached; from comparison with ground-based measurements in steep regions such as Mt Etna, a vertical accuracy below 1 m can be reached for most of the points [41]. Due to the frequent and rapid changes in the morphology of active volcanoes, and because of objective difficulties to use other techniques, such as airborne or UAVs [42,43], optical satellite data is often the only way to update the topography at Mt Etna. From the comparison of multiple DSMs, thickness and extent of volcanic deposits can be determined. Due to the intrinsic accuracy of the techniques only deposits with thickness above 1 m can be measured, moreover the thickest the deposits with minor areal extension, the higher the accuracy of volume measurement.



Here we report for the first time the volumes of lava flows erupted during each single paroxysmal event that occurred at Etna from December 2020 to February 2022 and provide cumulative volumes of selected time windows by using exclusively multi-sensor satellite images. In particular, we used SEVIRI data to estimate the radiant heat flux and hence the lava flow volume obtained from the modeling of the radiant heat flux curve [32], thus providing quantitative information about the different eruptive phases of the summit activity. Moreover, the cumulative volumes estimated from SEVIRI images are compared with the volumes derived by the thickness distribution of volcanic deposits retrieved by differencing successive digital topographies. These topographies were produced using three Pléiades triplets (acquired on 22 August 2020, 26 February 2021 and 29 June 2022) and a stereo pair WorldView-1 of 27 July 2021 and permitted also to quantify and evaluate the rapid growth of the SEC cone. In this way we provide satellite-based estimates of lava volumes that exploit the information redundancy coming from the integration of different kinds of satellite data, reducing the total uncertainty and thus allowing for more reliable assessments.




2. Satellite Data


Two kinds of satellite images were used in this study: high temporal low spatial multispectral SEVIRI data and on demand very high spatial resolution optical Pléiades and WorldView data. SEVIRI data were used to measure the radiative power of volcanic thermal features so as to follow the fast dynamic of the paroxysmal episodes and characterize each single event, while optical data were processed to constrain and quantify the volcanic deposits.



The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) sensor, on board Meteosat Second Generation geostationary satellites, acquires data every 15 min (3 km spatial resolution at nadir) in twelve wavebands, including one in the middle infrared MIR (band IR3.9, 3.48–4.36 µm) and two in the thermal infrared TIR (band IR12.0, 11.00–13.00, and band IR13.4, 12.40–14.40 µm) that are particularly useful in detecting and tracking hot spots associated with fires and effusive activity [44,45]. Thanks to the high frequency of acquisition, it is also the most suitable space-based instrument for observing short-lived events such as lava fountains [37,38,39].



Pléiades satellite images are acquired at 50 cm spatial resolution by two identical satellites the Pléiades 1A and Pléiades 1B with a 20 km swath, flying in Sun-synchronous orbits with 98.2° inclination and an offset of 180° from each other, allowing for a minimum revisit time of 24 h [46]. This system of satellites is very agile and is capable of acquiring, on demand with the One Tasking Services, three or more nearly synchronous images of the same area with a stereo angle varying between ~6° and ~28°. This ability to capture, from a single stereoscopic pair, a sequence of up to 25 images, allows for 3D automatic extraction of the Earth’s surface, enhancing the quality and the completeness of automatically extracted 3D maps [47].



Worldview-1, launched on 18 September 2007 and operational since November 2007, was the first half-meter resolution commercial imaging satellite in the world to provide imagery of Earth more accurately than its forerunner, the QuickBird satellite, and it is able to provide stereo scenes. The satellite operates at an altitude of 496 km along a Sun-synchronous orbit, with an inclination of 97.7° and a revisit time of 1.7 days at 1 m GSD (Ground Sampling Distance) and 4.6 days at around half meter GSD. Worldview-1 carries a panchromatic imaging system providing in-track stereo images of target areas by rotating along its axis (nominally maximal +/−45° off-nadir).




3. Materials and Methods


SEVIRI data were processed using the CL-HOTSAT system [34,35]. The system automatically downloads the SEVIRI images in near real time using the API service provided by EUMETSAT (the Data Access API Client) via a Python routine, locates the thermal anomalies (hotspots) present in each image and computes the radiant heat flux for each hotspot pixel. By summing up the radiant heat flux contribution of each hotspot pixel, a radiant heat flux value is computed per image. In this way, time series of radiant heat flux are obtained at the temporal resolution of 15 min.



The typical radiant heat flux curve associated with lava fountaining is characterized by three phases: (i) an initial period in which the heat flux slowly increases; (ii) a rapid increase in the radiant heat flux curve, during the climax phase of fountaining; (iii) a third phase characterized by waning heat flux, marked by a well-formed cooling curve, during which time the lava flows emplaced by the fountaining stagnate and cool. For the paroxysmal events occurring at Mt Etna between December 2020 and February 2022, we applied the technique presented in [37], which provides the volume emplaced during the lava fountains by modeling the third phase apparent in the SEVIRI-derived radiant heat flux curve, i.e., the cooling phase. This technique includes different steps: (i) assuming a stagnant, stable, cooling lava surface, for which the surface temperature can be estimated from the radiant heat flux using the Stefan-Boltzmann law [48,49,50]; (ii) fixing the starting time of the cooling, which is usually the first point when the curve starts to descend, as seen from comparison of thermal camera data [38]; (iii) converting the surface temperature in radiant heat flux, hence including the radiating area; (iv) setting a minimum and maximum thickness expected for these short-lived events (between 1 and 2 m), (v) estimating the emplaced volume based on the best combination of thicknesses and radiating areas. The best volume value is obtained by applying the Nelder-Mead algorithm by minimizing the mean squared error between the modeled and the measured heat flux curve [37]. We assume an uncertainty of ±30% as it derives from the radiant heat flux estimation [35]. This technique has been successfully applied several times at Etna volcano for modeling purposes (see, e.g., [31]), but in this case, we had the opportunity to validate the SEVIRI estimates through the volumetric information on the emitted mass obtained by using high spatial resolution stereo WorldView and tri-stereo Pleiades acquisitions.



In particular, we used four different acquisitions: a Pleiades triplet from 22 August 2020, a stereo pair WorldView-1 on 27 July 2021, and finally, thanks to the GNSL (Geohazard Supersites and Natural Laboratories) initiative at Mt Etna, we had the opportunity to acquire two Pleiades triplets on 26 February 2021 and 29 June 2022, respectively.



For the 22 August 2020 Pleiades triplet P1A, along-track incidence angles of the three images are −10.2°, −0.7°, and 10.6° for the forward (FW), near-nadir (NN), and backward (BW) viewing geometries, respectively, while the across-track angle varies between 2° and 7.3°. For the 26 February 2021 P1B, the along-track incidence angles are −10.2° (FW), 0.8° (NN) and 10.6° (BW) with the across-track angle varying between −5.1° and 0.4°, while for 29 June 2022 P1A, the along-track incidence angles are −10.1° (FW), −2.5° (NN) and 10.4° (BW), with the across-track angle varying between −4.6° and −3.3°. Each Pleiades image was provided as DIMAP GeoTIFF format, in 4 bands pansharpening, primary geometric processing level and basic radiometric processing level and 12 bits of radiometric accuracy. For each Pleiades full scene, an XML file containing the rational polynomial coefficients was provided, as well as nine different subscenes. Each full scene was reconstructed into a single GeoTIFF file from the DIMAP metadata and subscenes using the otbcli_Convert function available in the Orfeo ToolBox (https://www.orfeo-toolbox.org/, accessed on 3 November 2022).



Regarding the WorldView-1 stereo pair, it was provided as system-ready (1B) pair imagery product, for which the images are radiometrically and sensor corrected, but not projected to a plane using a map projection or datum. The sensor correction blends all pixels from all detectors into the synthetic array to form a single image, that usually is 15 km wide × 14 km long up to a maximum of a one-degree cell (approximately 110 km × 110 km) for WorldView-1. The two scenes were acquired on 27 July 2021 at mean in-track viewing angles of −28° and 5.6° and cross-track viewing angles of 12.5° and 14.5°, resulting in a mean GSD of 0.69 m and 0.52 m.



The Pléiades and WorldView imagery were processed using the free and open source MicMac photogrammetric library ([51]; http://micmac.ensg.eu, accessed on 10 October 2022) developed by the French IGN (Institut Géographique National), which consists of three main steps: (i) tie points recognition and matching between images; (ii) calibration and orientation, recognizing relationships between viewpoints and objects; (iii) correlation, producing dense matching for 3D scene reconstruction. For the Pléiades images, we modified the MicMac workflow without Ground Control Points (GCPs) developed by Dr. Luc Girod and freely available on GitHub (https://github.com/luc-girod/MicMacWorkflowsByLucGirod/blob/master/Sat-Pleiades-SPOT.sh, accessed on 3 November 2022). In this way, we obtained four 1 m DSMs [52], whose vertical accuracy was estimated by using 109 GPS Ground Control Points (GPCs) available outside the area covered by the volcanic deposits in the framework of the SVOP project (http://volcano.iterre.fr/svo_projects, accessed on 13 December 2022). Indeed, comparing the elevation of the four DSMs in the location of the GPS points, we found residuals ranging from −2.72 to 2.87 m, with an average value of 0.26 m and a standard deviation of 1.39 m, which represents the average vertical accuracy.



In order to minimize the errors due to misalignments, we performed pairwise co-registrations by applying the Nuth and Kääb algorithm [53], which finds the horizontal and vertical shifts between the DSMs using the slope-aspect method and removes them. After this, along/cross track corrections are eventually determined and applied.



By differencing successive DSMs, we obtained the topographic changes due to the emplacement of volcanic deposits from August 2020 to February 2021, from February to July 2021, and from July 2021 to June 2022. The total volume of products was calculated by integrating the thickness distribution over the area covered by the deposits, while the uncertainty was quantified as the product of the area and the standard deviation of terrain residuals outside of the deposits.




4. Results


The volumes obtained using SEVIRI data from December 2020 to February 2022 are shown in Figure 1 (see Supplementary Materials S1). Looking at the volume distribution of the single events, two main eruptive phases can be recognized: one from February to April 2021 and one from May to October 2021. Six small events, from December 2020 to January 2021, precede the first phase and the two 2022 events, on 10 and 21 February, follow the second phase.



The first phase, which lasts from 16 February to 1 April 2021, includes 17 paroxysmal events whose lava volumes have a bell-like distribution with the peak of 2.65 × 106 m3 reached on 4 March 2021. The minimum lava volume was estimated on 15 March (0.6 × 106 m3), while the median value for the whole phase is of 1.6 × 106 m3 (first and third quartiles, 1.3 and 2.2 × 106 m3). The cumulative volume for these 17 paroxysmal events is estimated to be approximately 27 ± 9 × 106 m3, with an average output rate of 7.2 m3/s.



The second phase, which lasts from 19 May to 23 October 2021, can be further divided into two main periods, one from 19 May to 4 June 2021 and one from 12 June to 23 October 2021. Except for the 19 May event, which has erupted just over 1 million cubic meters of lava (1.02 × 106 m3), all the paroxysmal events of May-June are characterized by low lava volumes, from 0.2 to 0.8 × 106 m3, with an average value of 0.58 × 106 m3 and an average output rate of 5.8 m3/s. Conversely, the events from 12 June to October 2021 show increasing volumes that reach almost constant values since 4 July (from 1.4 to 2 × 106 m3, except for the 20 July event). The maximum and minimum volumes have been estimated for the 1 July (2.1 × 106 m3) and 20 July events (0.5 × 106 m3), with an average value of 1.26 × 106 m3 (first quartile, median and third quartile, 0.8, 1.3 and 1.7 × 106 m3, respectively) and an average output rate of 2.7 m3/s. The cumulative volume for these 40 paroxysmal events is estimated approximately to 39.5 ±11.8 × 106 m3, of which 8.0 ± 2.4 × 106 m3 emitted in correspondence of 14 events from 19 May to 4 June 2021 and 31.5 ± 9.4 × 106 m3 during 26 events from 12 June to 23 October 2021 and an average output rate of 2.9 m3/s.



The three DSM differences reported in Figure 2 show the distribution of lava flows, as well as the SEC’s morphological changes due to the accumulation of volcanic deposits and the several collapses followed by the pyroclastic avalanches towards SE (16 and 24 February 2021, and 23 October 2021), and towards SSW (13 December 2020, 28 February 2021, and 10 February 2022) (see Supplementary Materials S2).



The difference between February 2021 and August 2020 (Period I) includes the volcanic products of 12 events, which cover a total area of 3.5 km2 (Figure 2a). The lava volume is estimated to be 18.1 ± 6.6 × 106 m3. The maximum thickness measured in the lava flow field is about 30 m with an average and a median thickness of 5.5 m and 4.5 m, respectively. Most of the points in the lava flow field area show thickness below 10.8 m (i.e., 90th percentile), while the first and third quartile are 2.3 m and 7.3 m, respectively. The SEC during this period has experienced a volumetric increase of 16.4 ± 0.6 × 106 m3 (with a maximum growth of about 40 m) and a small collapse of 0.09 ± 0.02 × 106 m3 (maximum depth of 35 m). Average and median thicknesses are 17.1 m and 15.9 m, respectively. The 90th percentile is 27.7 m, while the first and third quartiles are 10.0 m and 21.8 m, respectively.



Between February and July 2021 (Period II), 46 paroxysmal events occurred at the SEC. This large number of eruptions caused it to increase by 26.4 ± 1.3 × 106 m3, with a maximum height of 88 m (Figure 2b). The mean and the median thickness of the deposit emitted between February and July 2021 in the SEC area are 34.6 m and 30.9 m with the 1st quartile equal to 19.9 m, the 3rd quartile equal to 45.9 m and 90th percentile equal to 66.3 m. The volume of lava flows erupted in 5 months (36.9 ± 7.8 × 106 m3) is double than the one emitted in the previous six months. The area covered by the deposits is 4.9 km2. The average and the median thickness measured in the lava flow field area are 8.3 m and 5.2 m, respectively, with a maximum value of about 40 m. The lava flow field is mostly below 17.7 m (i.e., 90th percentile), with the first and third quartile being 2.9 m and 10.0 m, respectively.



The difference between July 2021 and June 2022 (Period III) includes seven eruptive events that emitted 12.7 ± 3.8 × 106 m3 of lava and increased the cone by 7.8 ± 0.9 × 106 m3 (Figure 2c). The cone grew 15.4 m as average value and 14.6 m as median value. Most of the thickness is below 27.7 m (i.e.,90th percentile) with the 1st and the 3rd quartile equal to 8.0 m and 21.9 m, respectively. Lava flows emplaced in this period exhibit a mean and median thickness of 5.6 m and 4.4 m with most of the values below 10.9 m (i.e., 90th percentile) and the 1st and the 3rd quartile equal to 2.5 m and 7.0 m, respectively.



All estimates about lava volumes and SEC topographic changes obtained through DSM difference, as well as the CL-HOTSAT-derived volumes, are summarized in Figure 3.



In Period I, the DSM- and IR-derived lava flow volumes show good agreement, with only a small underestimation in the IR volumes, within the uncertainty range. For the Period II, however, the IR-derived volume is significantly (beyond the error estimates) larger than the DSM-derived volume, even though the DSM-derived volume still falls within the 30% uncertainty range of the IR volume. This difference in behavior is explained by the contribution of lava flows to cone growth, as already observed in a previous episode that occurred at Mt Etna [13]. Our distinction between cone and off-cone volume changes is based on the assumption that the off-cone volume change is dominated by IR-visible lava flows, while the volume change in the cone is dominated by ash and other proximal pyroclastic material that is largely undetected by IR sensors. However, this is only a first-order approximation, since off-cone volume changes also receive contributions from pyroclastic material, and lava flows also contribute to cone growth.



When comparing the off-cone and cone volume growth, a much higher contribution to the cone growth than to the off-cone volume change is evident in Period II: where for Periods I and III, the average off-cone volume change is ~1.7 ± 0.4 × 106 m3 per event, in Period II, we see a much lower average volume change of only ~0.8 ± 0.17 × 106 m3 per event. This is in contrast to the IR-derived average volumes, which fall within ~1.5 ± 0.7 × 106 m3 in all three periods, and can be explained with a greater contribution of the pyroclastics erupted during the lava fountains [14]. It is worth to note that we are not taking into account possible variations in the vesicularity that can be extremely variable (e.g., 20–50%) if we consider the welded spatter comprising the cone or the lava flows (e.g., [54]) and that this contributes to the total uncertainty.



The SEC cone, being the youngest among the summit craters at Mt Etna, has been very active in recent periods, growing to ~ 36 × 106 m3 (bulk volume) between 1996 and 2001 and reaching a total volume of ~72 × 106 m3 by 2001 [54]. Moreover, very rapid growths of a cone have been already experienced at Mt Etna, for example during the 2001 flank eruption when the “Laghetto” cone formed at 2500 m a.s.l. This cone formed in just one week and eventually reached the size of 300 m as the base diameter and 62 m high, with a summit crater 50 m wide, for a total volume of ~ 2 × 106 m3 [55].



Analyzing the duration and lava volume of all the lava fountains at Mt Etna from 1998 to 2018, a remarkable change in the eruptive activity of Etna has been found starting from the growth of the SEC in 2011 [24,56]. In addition to the increase in the number of events, this change concerns a shift in the location of volcanism, as well as a considerable variation in the eruptive style from shorter to longer duration and from smaller to larger volumes. The sequence of events occurred in 2020–2022 confirms this trend with a further increase in the average output rate (see also [52,57]).




5. Conclusions


Integrating thermal infrared and optical satellite imagery at different spatial and temporal resolutions allows cross-validation of the results and the extraction of new information that could not be provided using only one of the methods. Applying a combined methodology to the analysis of the fountaining activity of Mt Etna between December 2020 and February 2022 has allowed us not only to provide tighter error bounds on the volume estimates, but also to extract some information on the relative distribution of pyroclastic and effusive material, as well as to estimate the respective contributions to the growth of the South-East Crater. In addition, our lava and cone volume estimations of 67.7 ± 8.4 × 106 m3 and 40.6 ± 1.4 × 106 m3, respectively allow a total estimation of the erupted volume (lava plus pyroclastics) between 22 August 2020 and 29 June 2022 of 108.3 ± 9.8 × 106 m3, with an average output rate of about 2.88 m3/s. This is much higher than the average 0.8–0.9 m3/s that characterizes the steady state of the volcano [26,27,39], but is sufficient to bring the volcano in a state of relatively quiet, having erupted all the surplus of magma accumulated during the previous phase of inactivity [8,27].
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Figure 1. Lava volumes obtained using SEVIRI data from December 2020 to February 2022. Blue bars represent the volume emitted during each event, while the yellow curve shows the cumulative volume for the entire period (see Supplementary Materials S1). 
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Figure 2. Topographic changes due to the volcanic deposits emplaced from 22 August 2020 to 26 February 2021 (a), from 26 February to 27 July 2021 (b) and from 27 July 2021 to 29 June 2022 (c). The colors indicate the flow thickness in meters. The dotted black circle defines the area of the SEC cone (see Supplementary Materials S2). 
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Figure 3. On top, volumes of the volcanic deposits from SEVIRI data (indigo bars) and DSM difference (orange bars) emplaced from 22 August 2020 to 26 February 2021, from 26 February to 27 July 2021 and from 27 July 2021 to 29 June 2022. The vertical black lines indicate the associated uncertainties. The table below summarizes the number of events, the lava volume and SEC changes from DSM difference, and the SEVIRI-derived volumes for the same three periods (black) and in total (red) (see Supplementary Materials S1). 
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